ABSTRACT During development, covalent modification of both, histones and DNA contribute to the specification and maintenance of cell identity. Repressive modifications are thought to stabilize cell type specific gene expression patterns, reducing the likelihood of reactivation of lineage-unrelated genes. In this report, we review the recent literature to deduce mechanisms underlying Polycomb and H3K9 methylation mediated repression, and describe the functional interplay with activating H3K4 methylation. We summarize recent data that indicate a close relationship between GC density of promoter sequences, transcription factor binding and the antagonizing activities of distinct epigenetic regulators such as histone methyltransferases (HMTs) and histone demethylases (HDMs). Subsequently, we compare chromatin signatures associated with different types of transcriptional outcomes from stable repression to highly dynamic regulated genes, strongly suggesting that the interplay of different epigenetic pathways is essential in defining specific types of heritable chromatin and associated transcriptional states.
transcription factor occupancy in relation to transcriptional ON and OFF states. We mainly focus on the dynamics of activating H3K4 and repressive H3K27 methylation marks at promoter sequences. The genomic data serve as a foundation to understand the interrelationship between transcription factor and chromatin based pathways. We in-depth review the responsible classes of enzymes mediating those modifications and report on their functional importance. In a second part, we review two scenarios of dynamically controlled transcriptional systems, nuclear hormone receptor signaling, whose repression is largely based on H3K9 methylation, and the regulation of the cell division cycle, where senescence and proliferation are controlled by H3K9 and H3K27 methylation. Both systems are especially well characterized in terms of recruitment of histone modifying enzymes and in combining several epigenetic pathways to achieve the desired transcriptional outcome.
Transcriptional repression by H3K27 methylation

Bivalency of H3K4 and H3K27 methylation
In mammals, recent genome-wide mapping studies of Polycomb Group (PcG) and Trithorax Group (TrxG) proteins and their marks, classically associated with repressed and active transcriptional states, respectively, revealed many novel target genes. These studies provide the framework to delineate mechanisms of targeting and gene regulation mediated by the different epigenetic modifiers. Three initial ChIP-chip studies in human and mouse ES cells (Bernstein et al., 2006a; Boyer et al., 2006; Lee et al., 2006b) showed that core components of the Polycomb Repressive Complex PRC1 (Rnf2, Phc1), PRC2 (Eed, Suz12) and H3K27me3 do not only colocalize to classical target genes (such as the four Hox clusters) but also to many other loci. Particularly genes coding for developmental regulators including homeodomain (Dlx, Irx, Lhx, Pou, Pax, Six) and other transcription factors (such as Fox, Sox, Gata and Tbx) were highly overrepresented among PcG target genes. These proteins serve master regulatory functions in organogenesis and morphogenesis, pattern specification, cell differentiation, embryonic development and cell fate commitment (Boyer et al., 2006; Lee et al., 2006b) . PcG targets are generally repressed in ES cells and are preferentially activated during ES cell differentiation. In Eed and Suz12 gene deficient ES cells that lack detectable amounts of PRC2 complexes and H3K27me3, transcript levels of most PcG target genes were increased (Boyer et al., 2006; Lee et al., 2006b) . These data suggested that Polycomb complexes are required for maintaining ES cell pluripotency and plasticity during embryonic development.
While studying genomic regions that harbor highly conserved non-coding elements, Bernstein and colleagues made a remarkable observation. They noticed that extended regions marked by H3K27me3 were also marked by H3K4me3, a histone modification normally associated with transcriptional activity (Bernstein et al., 2006a) . Sequential ChIP experiments confirmed that identical alleles were labeled by both "repressive" and "activating" chromatin modifications, resulting in the term "bivalent domains". Genes within bivalent domains were largely repressed, to almost the same extent as genes that were marked by H3K27me3 alone. In contrast, genes only associated with H3K4me3 were highly expressed (Bernstein et al., 2006a) (Fig. 2A) . These results indicate that in bivalent domains the repressive H3K27me3 state generally overrules the activating effect of H3K4me3. Interestingly, after differentiation, bivalency at promoters of transcriptional regulators was resolved into either regions exclusively marked by either H3K4me3 or H3K27me3. Based on these observations, Bernstein et al. sug- gested that bivalent domains are largely ES cell specific, serving to silence developmental genes while keeping them poised for activation or repression during later development ( Fig. 2A , parts 2, 4, 5). Using genome-wide epigenomic profiling strategies, several other groups subsequently showed that bivalency is not restricted to ES cells but also exists in various progenitor and differentiated cell types (Barski et al., 2007; Mikkelsen et al., 2007; Mohn et al., 2008; Pan et al., 2007; Zhao et al., 2007) . This alleged discrepancy may be due to the fact that the study of Bernstein and colleagues was restricted to specific regions of the genome characterized by the presence of many highly conserved noncoding elements (Bejerano et al., 2004; Nobrega et al., 2003) and being devoid of retrotransposons (Bernstein et al., 2006a; Simons et al., 2006; Tanay et al., 2007) . As such, Bernstein et al. may thus have studied only a fraction of "all possible" bivalent domains. Given the predominant loss of bivalency upon differentiation, the studied highly conserved regions may harbor developmental regulators that have essential functions, particularly during early embryonic development.
Together, the studies suggest the existence of specific classes of bivalent genes that become primed at particular stages of development. Indeed, by using an in vitro differentiation protocol that enables stem cells to differentiate via lineage-committed progenitors into terminally differentiated neurons, Mohn and coworkers observed that many neuron-specific genes that become activated during terminal differentiation are bivalent targets in progenitor cells only, and not in the preceding stem cells (Mohn et al., 2008) . This study also nicely shows that during lineage commitment and terminal differentiation existing bivalent domains are resolved while others are formed ( Fig. 2A, part 3) . (Top) CpG-island promoters are H3K4 methylated by default, even when inactive (except when methylated at cytosines). Housekeeping genes are constitutively expressed, marked by H3K4me and elongating RNAPII (1). During differentiation along lineage A, promoters of genes functioning in lineage A harbor a bivalent configuration either at the stem cell or progenitor level and become activated at the subsequent stage (2, 3). In contrast, genes normally expressed in lineage B loose their bivalent configuration during differentiation and remain transcriptionally repressed, either by H3K27me3 or DNA methylation (4, 5). It is currently unclear whether inactive promoters marked by H3K4me2/3 but not H3K27me3 (3) harbor other repressive histone modifications. (Bottom) Non-CpG island promoters require transcription factors ("TF", 6) to be activated, whereas the mechanisms keeping the repressed state are currently unknown (7). A fraction of genes in lineage A show low levels of H3K4me2 but not H3K4me3 at the progenitor stage, suggesting a transcriptionally poised state.
In their initial study, Bernstein and coworkers observed a strong correlation between presence of H3K4me3 and the density of CpG dinucleotides in the underlying DNA sequence (Bernstein et al., 2006a) . Likewise, Weber and colleagues noticed that in mammals inactive promoters, rich in unmethylated CpG dinucleotides, have elevated levels of H3K4me2 (Weber et al., 2007) . These studies point out that it is necessary to classify promoters according to their sequence composition in order to understand the ontogeny of bivalent domains. In mammals, RNA polymerase II (RNAPII) promoters are known to occur in at least two major forms (Saxonov et al., 2006; Weber et al., 2007) ; those with a normal and those with a reduced percentage of CpG dinucleotides. In many mammalian regulatory sequences CpG dinucleotides are underrepresented. This most probably reflects the inherent mutability of methylated cytosines by deamination and conversation to thymidine (Shen et al., 1994) . Accordingly, CpG islands at promoters are generally devoid of cytosine methylation whereas CpG dinucleotides throughout the remaining part of the mammalian genome are methylated. Conservation of unmethylated CpG islands suggests that they are maintained by evolutionary constraints, e.g. as binding sites for transcription factors. CpG-rich promoters are associated with ubiquitously expressed "housekeeping" genes and with regulatory genes expressed during development. In contrast, CpG-poor promoters are generally associated with tissue-specific genes. Using a classification system that accommodates relative CpG densities (Weber et al., 2007) , epigenomic studies clearly showed that bivalency is largely restricted to CpG island promoters, independent of the cellular differentiation status (Mikkelsen et al., 2007; Mohn et al., 2008) . This strongly indicates that promoter sequence composition is a critical parameter determining the occurrence of H3K4 methylation and bivalency.
Sequence determinants of mammalian promoters
Computational analyses of extended core promoters (-100 to +100) showed that promoters can be sub-classified in four types on the basis of GC and AT densities upstream and downstream of the transcription start site (TSS; determined being either GCor AT-rich upstream or either GC-or AT-rich downstream of the TSS). Such classification enabled the identification of sequence elements specific to GC-rich promoter regions as well as elements specific to AT-rich promoter regions either up-or downstream of the TSS (Bajic et al., 2006) . The four promoter types show marked preferences for different sets of dinucleotides at the initiating position of the TSS. They can be linked to developmental expression patterns, suggesting functional relevance of the different promoter structures for gene specific regulation. Given the presence of various DNA binding domains in H3K4 HMTs with distinct sequence specificities (see below), sub-classification of bivalent CpG island promoters could constitute a second layer of transcriptional regulation.
H3K4: di-vs. tri-methylation does matter
Work by Orford and colleagues shows that H3K4me2 may prime non-CpG island genes for subsequent expression during differentiation (Orford et al., 2008) . The authors studied the concordance of H3K4me2 versus H3K4me3 on a genome wide scale during differentiation of the multipotent Sca-positive "progenitor" cells along the erythroid lineage. In both progenitor and differentiated cells, the majority of H3K4me2 positive promoters were also positive for H3K4me3, while a large set of genes was negative for both marks (Fig. 2B, part 7) . Interestingly, a subset of genes revealed a discordant pattern of H3K4 methylation, in which H3K4me2 was present but H3K4me3 was absent (H3K4me2+/me3-). Promoters with the reciprocal set of modifications (H3K4me2-/me3+) were not detected. Upon erythroid differentiation, the percentage of H3K4me2+/me3-promoters reduced by 30%, with most promoters losing H3K4me2 and some gaining H3K4me3. Transcriptome analysis indicated that whereas the majority of H3K4me2+/me3+ promoters were highly expressed, only 20% of H3K4me2+/me3-marked genes were transcribed, and this at low levels (Orford et al., 2008 ). Importantly, the expression level of genes that transitioned from H3K4me2+/me3-to the H3K4me2+/me3+ state upon differentiation was strongly upregulated, arguing that such genes have been poised for transcription at the progenitor stage (Fig. 2B, part 6 ).
Promoter classification indicated that particularly non-CpG island tissue-specific genes are amendable to being marked by H3K4me2 "only". Interestingly, many H3K4me2-/me3-CpG island genes in erythroid cells were among the bivalent developmental regulatory genes in ES cells (Orford et al., 2008) , suggesting that bivalency at these CpG island genes was resolved during differentiation. It will be interesting to know whether these H3K4me2-/me3-CpG-island developmental regulatory genes are "actively" repressed in erythroid cells, e.g. by the presence of repressive histone modifications such as H3K27me3. Similarly, it needs to be investigated whether H3K4me2+ non-CpG island promoters are also "actively" repressed at the progenitor stage, e.g. by H3K9 methylation.
Targeting mechanisms of HMTs: what we learn from distribution patterns
Epigenomic experiments revealed distinct distributions of mono-, di and tri-methylated H3K4 residues around TSSs (Barski et al., 2007; Orford et al., 2008) . H3K4me1/2 displays a rather broad distribution, with slight enrichments downstream of the TSS. H3K4me3 is enriched around the TSS with a strong bias towards sequences downstream of the TSS. For all three methyl states, reduced enrichments are observed at the TSS itself, likely reflecting nucleosomal depletion at active genes. Levels of enrichment largely correlate with levels of expression. RNAPII occupancy is strongly enriched at and slightly downstream of the TSS (Barski et al., 2007) . The bias of H3K4me to sequences downstream of the TSS may reflect targeting of H3K4 HMTs to actively transcribed genes through interaction with the elongating RNAPII (see below). Interestingly, differences in enrichment of H3K4me2 around the TSS for H3K4me2+/me3+ versus H3K4me2+/me3-genes were described (Orford et al., 2008) . Whereas double positive promoters were strongly enriched and showed the bimodal distribution around the TSS, levels of H3K4me2 enrichments varied across individual promoters of single positive genes. These data suggest that H3K4me2 at non CpG-island lineagespecific genes are deposited by HMTs that have been targeted by transcription factors. Consistently, consensus motifs for Runx1 and Pu.1 are overrepresented within H3K4me2 enriched regions of poised genes (Orford et al., 2008) (Fig. 2B, part 6) .
In human ES cells, levels of H3K4me3 are lower at bivalent promoters in comparison to genes marked by H3K4me3 alone (Zhao et al., 2007) . Furthermore, H3K27me3 and H3K4me3 largely do not co-localize at promoter sequences. Whereas H3K4me3 is localized at and downstream of the TSS, H3K27me3 is enriched upstream and downstream of the H3K4me3 peak (Zhao et al., 2007) . It is important to note that ChIP studies of Zhao and Bernstein were performed on cross-linked sonicated chromatin and not on mono-nucleosomes. It is therefore unclear whether the two antagonizing modifications can reside on the same nucleosome.
In summary, these data argue for different targeting mechanisms for H3K4 HMTs to various classes of genes, such as actively transcribed CpG-island house keeping genes, repressed CpG-island bivalent genes, actively transcribed non-CpG-island tissue-specific genes and poised H3K4me2+/me3-non-CpGisland lineage/tissue-specific genes.
Stalling RNAPII
As for H3K4 methylation, an epigenomic study on RNAPII and histone modification occupancy hints to a mechanistic link between type of target genes and mode of transcriptional repression. Guenther and colleagues (Guenther et al., 2007) profiled various histone modifications associated with the initiating (RNAPII-S5P; H3K9 and H3K14 acetylation, H3K4me3) and elongating RNA polymerase II (RNAPII-S2P; H3K36me3 and H3K79me2). They found that about three quarters of protein-coding genes have promoter proximal nucleosomes enriched for H3K4me3 and H3 acetylation, whereas the initiating form of RNAPII was present at half of the genes, possibly relating to differences in ChIP efficiency. Moreover, activating marks were not only present at active but also at more than half of the inactive promoters, though being less enriched in the later situation. A large fraction of inactive genes also contained the initiating form of RNAPII, yet at strongly reduced levels. It remains to be determined whether at some of the H3K4me marked promoters lacking RNAPII the modification is targeted independent of the polymerase. H3K36me3 and H3K79me2 modifications were only enriched along the coding part of expressed genes, consistent with their deposition in conjunction with the elongating form of RNAPII. This work thus shows that a substantial number of genes is transcriptionally initiated but not elongated (Guenther et al., 2007) . Furthermore, developmental regulatory genes are enriched among these genes, as has been observed for H3K27me3 and H3K4me enriched promoters, suggesting that Polycomb may "arrest" RNAP after initiation but before elongation. This is consistent with work by Pombo and colleagues, revealing a regulatory role for PRC1 in transcriptional elongation (Stock et al., 2007) .
To be able to connect our current knowledge on promoter structure, sequence and presence of transcription factor binding sites (TFBS) to patterns of histone modifications and transcriptional states, we will review the composition, modes of action and possible ways of targeting of HMTs and HDMs. Subsequently, we propose a working model for Polycomb-mediated repression, integrating promoter sequence as well as the agonistic and antagonistic actions of demethylases and H3K4 HMTs.
H3K4 histone methyltransferases
The mammalian genome harbors over 10 different H3K4 HMTs. Six of them (Set1a, Set1b, Mixed lineage leukemia 1 to 4 (Mll1-4)) are close homologues of the S. cerevisiae and S. pombe Set1 proteins that function in complexes called COMPASS (Lee et al., 2007a) . Other H3K4 HMTs include Ash1L, Set7/9, Smyd1, Smyd3, and Prdm9/Meisetz (see Fig. 1 ). Set1 and Mll function in multi-protein complexes that share three core components (WDR5, RbBP5, and Ash2L). In vitro reconstitution experiments show that both WD-40 repeat containing proteins RbBP5 and WDR5 are required for stable association with the C-terminal part of Mll1 (Dou et al., 2006) whereas Ash2L interacts with RbBP5 only. Structural studies revealed that WDR5 plays a scaffolding role and presents the H3K4 side chain for methylation to Mll/Set1 (Couture et al., 2006; Han et al., 2006; Ruthenburg et al., 2006; Schuetz et al., 2006) . siRNA-mediated knockdown of either RbBP5 or WDR5 leads to a major reduction of global H3K4me2 and H3K4me3 (Dou et al., 2006) , whereas depletion of Ash2L only reduced H3K4me3 (Dou et al., 2006; Steward et al., 2006) . These results strongly suggest that the SET1 family members jointly account for the majority of H3K4 methylation in mammalian cells. For this later reason, we limit our in-depth review to Set1 and Mll proteins.
hSet1a and hSet1b HMTs
The human hSET1a and hSET1b complexes contain two additional proteins (WDR82 and CFP1) that are also present in the orthologous yeast complexes (Lee and Skalnik, 2008; Lee et al., 2007a) , suggesting that these enzymes represent the true functional yeast Set1 homologues. Consistently, several house keeping genes are regulated by hSet1A, including GAPDH (Lee and Skalnik, 2008) . Both enzymes are ubiquitously expressed but display different sub-nuclear localization patterns, arguing for target specificity (Lee et al., 2007a) .
WDR82 can simultaneously interact with the initiating form of RNAPII and either hSET1a or hSET1b. As such, it can facilitate targeting of the HMTs to transcriptional start sites and can direct local accumulation of H3K4me2/3 (Lee and Skalnik, 2008) , thereby sustaining ongoing transcription. The CxxC Finger Protein 1 (CFP1; previously called CpG-binding Protein or CGBP) may target hSet1a/b complexes via its CxxC DNA methyltransferase homology domain to non-methylated CpG-island promoters (Voo et al., 2000) . This domain is present in several proteins such as DNA methyltransferase 1, Mll1/2 and MBD1. CFP1 homologues in organisms lacking CpG methylation also lack the CxxC DNA methyltransferase domain, suggesting evolutionary selection. Surprisingly, H3K4me2/3 levels are slightly up-regulated in CFP1 deficient ES cells (Lee and Skalnik, 2005) . Taken together, these data suggest that CFP1 may facilitate targeting of the Compass HMT complexes to selected CpG-island target genes. Given the peri-implantation embryonic lethality of CFP1 deficient mice (Carlone and Skalnik, 2001 ), prior to the death of Mll1 or Mll2 deficient animals (Glaser et al., 2006; Yu et al., 1995) , CFP1 may have a crucial function in transcriptional control of many genes.
Mixed lineage-leukemia HMTs
Five mammalian Mll proteins are members of the Trithorax group of proteins (Fig. 1) . The functional importance of these enzymes was first identified in Drosophila, where the Trithorax HMT regulates maintenance of Hox gene expression by counteracting the repressive Polycomb action (reviewed in (Ringrose and Paro, 2004) ). Mll1-4 are part of multiprotein complexes catalyzing the transfer of mono-, di-and trimethyl groups to H3K4.
Mll1
Mll1 is essential for embryonic development and homeotic gene regulation. Targeted deletion of Mll1 leads to embryonic lethality at embryonic day E10.5 of development (Yu et al., 1995) . Mll1 targets are appropriately activated in Mll1 -/-animals, yet expression fails to be maintained (Yu et al., 1998) , resembling the situation in the fly where Trx proteins are required for transcriptional memory. Mll1 heterozygous animals are haploinsufficient since they display growth retardation and misregulated Hox expression (Yu et al., 1995) . Chromosomal translocations fusing the N-terminal domain of Mll to various erythroid DNA binding factors and chromatin modifying enzymes result almost always in acute leukemia (Hess, 2004) , further corroborating the transcriptional potency of Mll proteins.
Mll1 is proteolytically cleaved by an evolutionary conserved Taspase (Hsieh et al., 2003a) , and cleavage is required for H3K4 methylation and regulation of Hox gene expression (Hsieh et al., 2003a; Hsieh et al., 2003b; Yagi et al., 1998) . Both fragments, Mll N and Mll C , remain associated by interaction of domains located near the cleavage site. Mll C harbors the catalytically active SET domain mediating high levels of H3K4me when present in the core complex (Dou et al., 2006) . The Mll C fragment recruits histone acetyltransferases CBP/p300 and MOF (Dou et al., 2005; Ernst et al., 2001) , suggesting a main role of Mll1 in transcriptional activation. Components of TFIID, of chromatin remodelers Swi/ Snf and hSNF2h, but also of NuRD and Sin3A complexes are reported to interact with Mll1 (Nakamura et al., 2002) , pointing to widespread functions for Mll1 in transcriptional regulation.
Different mechanisms facilitate Mll1 recruitment to target genes. Mll1 has been shown to interact with the initiating form of RNAPII (Milne et al., 2005a) , and Mll1 is present at 93% of promoters marked by RNAPII (Guenther et al., 2005) . This co-occupancy of Mll1 and RNAPII suggests a global role of Mll1 in transcriptional activation. However, the study by Milne et al. demonstrated Mll1 association only to selected target genes (e.g. Hox9a) and along gene bodies. Although the reason for the discrepancy between the two studies is unclear, the direct connection of Mll1 to RNAPII is undoubted, possibly providing a positive feedback once targeting via sequence specific factors has taken place. The N-terminal fragment of Mll1 contains sequence motifs and domains implicated in chromatin binding (such as AT hooks, a CxxC DNA methyltransferase homology domain, PHD domains and a Bromo domain). Given the sequence conservation of the PHD domains with those present in various ING proteins (reviewed in (Ruthenburg et al., 2007) ) and human BPTF which are known to bind to methylated H3K4, Mll1 may have the intrinsic capacity to bind to its own enzymatic product. It is tempting to speculate that the Bromo-domain confers binding to acetylated lysines on histones, providing means for Mll1 retention at actively transcribed genes. Like CFP1, Mll1 and Mll2 have a CxxC DNA methyltransferase homology domain (Ayton et al., 2004; Glaser et al., 2006) . In Mll1, this domain was shown to mediate binding to non-methylated CpG-rich DNA in vitro (Allen et al., 2006; Ayton et al., 2004; Birke et al., 2002) and transcriptional activation in vivo (Ayton et al., 2004) . Oncogenic Mll1-fusions require the CxxC domain for myeloid transformation (Ayton et al., 2004) . Intriguingly, Mll1 is required to prevent DNA methylation at specific CpG dinucleotides in the upstream promoter of the Hoxa9 gene (Erfurth et al., 2008) , whereby the CxxC domain shows increased binding to sequences that display Mll1-dependent protection against CpG methylation. These data clearly assign a function to the CxxC domain in selectively protecting CpG islands against DNA methylation. It may, however, also allow discrimination between nonmethylated CpG island promoters and CpG-poor promoters methylated at CpG dinucleotides irrespective of their expression status (Weber et al., 2007) . Ansari and colleagues reported that CFP1 interacts not only with hSet1 but also with Mll1 and Mll2, thereby increasing the potential of Mll1 and Mll2 to interact with unmethylated CpG island promoters (Ansari et al., 2008) . Although not required for myeloid transformation in oncogenic Mll1-fusions (Ayton et al., 2004 ) the three AT hooks present in Mll1 may direct the protein to AT-rich sequences. Given the existence of hybrid promoters that are GC-rich upstream and AT-rich downstream of the TSS and vice-versa (Bajic et al., 2006) , it will be interesting to relate binding profiles of Mll1 to underlying promoter sequences of target genes. Mll1 also interacts with a number of transcription factors important for cell cycle progression (see below). Finally, one study reported that part of Mll N , including the CxxC domain, is able to interact with components of the PRC1 complex, with the histone deacetylase Hdac1 and the corepressor protein CtBP (Xia et al., 2003) . It will be important to determine whether particularly such interactions are relevant for the formation of the bivalent state.
Mll2 (also called Trx2)
Mll1 and Mll2 are closely related proteins that originated from gene duplication. Although having similar protein architectures, Mll2 lacks the Bromo domain. Mll2 is also proteolytically cleaved and resides in similar complexes as Mll1. Mll2 gene deficient animals die at E11.5 and display retarded growth and development and increased apoptosis (Glaser et al., 2006) . Embryonic lethality of mice either deficient for Mll1 or Mll2 indicates that these genes serve non-redundant functions (Glaser et al., 2006) . Transcription of Mll2 target genes is correctly established, yet maintenance of expression was affected for a selected subset (Glaser et al., 2006) . Mll2 -/-ES cells are viable and retain pluripotency but display cell proliferation defects due to increased levels of apoptosis (Lubitz et al., 2007) . Mll2 interacts with several different transcription factors, possibly providing target specificity. For example, Mll2 binds to ligand-activated ERα through two LXXLL motifs, thereby being targeted to Estrogen responsive genes (Mo et al., 2006) . Also, the hematopoietic transcription factor NF-E2 recruits the Mll2 complex (Demers et al., 2007) . Interestingly, spreading of Mll2, but not the associated complex member Ash2 is observed across the beta-globin locus, suggesting a mechanism by which an activator influences transcription and H3K4me3 at a distance (Demers et al., 2007) .
Mll3 and Mll4
Information about Mll3 and Mll4 members is rather scarce. However, complexes with either protein have been demonstrated to mono-, di-and tri-methylate H3K4 (Cho et al., 2007; Patel et al., 2007) . Structurally, both proteins are even larger than Mll1 and Mll2. Instead of having multiple AT-hooks and CxxC-domains, both proteins harbor an HMG box, known to penetrate into the minor groove of DNA and sharply bending it (Hock et al., 2007) .
The transcription factor Pax2 targets Mll3 to chromatin via an interaction with the bridging protein PTIP (Patel et al., 2007) .
Polycomb group proteins
Polycomb group proteins: complex compositions In mammals, PcG proteins are classified into two groups of multimeric protein complexes termed Polycomb Repressive Complexes (PRCs). The PRC2 complex consists of Enhancer of zeste 2 (Ezh2), Suppressor of zeste 12 (Suz12), Embryonic ectoderm development (Eed) and the histone binding proteins RbAp46/ RbAp48. While Ezh2 confers HMT activity, Suz12 is required to stabilize the complex and to recruit RbAp48 (Pasini et al., 2004) . In mammals, different isoforms of Eed direct the Ezh2 HMT activity towards H1K26 (Eed2), H3K27me2/3 (Eed3) and SirT1 (Eed4) (Kuzmichev et al., 2004; Kuzmichev et al., 2005) , though the in vivo functional significance of these specificities remains to be determined. Like Ezh2, its close homolog Ezh1 forms a PRC2-like complex together with Eed and Suz12. This complex also mediates H3K27me2/3, though to a lesser extent than the canonical Ezh2/PRC2 complex (Shen et al., 2008; Margueron et al., 2008) . Knockdown experiments in Ezh2 deficient ES cells show that Ezh1 is required for H3K27me1 (Shen et al., 2008) . Since Eed is required for all three methylation states of H3K27 Montgomery et al., 2005; Chamberlain et al., 2008) , Ezh2 may mediate H3K27me1 as well.
For PRC1, duplication of many PcG genes in mammals allows the assembly of various, functionally distinct PRC1 complexes depending on cell type and developmental stage (Levine et al., 2002; Otte and Kwaks, 2003; Whitcomb et al., 2007) . The five Cbx proteins (Cbx2, Cbx4, Cbx6, Cbx7 and Cbx8), homologs of the fly Polycomb protein, have well conserved chromodomains (Whitcomb et al., 2007) that display distinct in vitro binding specificities towards H3K27me3 and H3K9me3 (Bernstein et al., 2006b) . In addition, the Cbx proteins contain a conserved Pc-box at the C-terminus, a 15 amino acid motif necessary for interaction with Ring1a and Rnf2 (Garcia et al., 1999; Whitcomb et al., 2007) . Polyhomeotic 1 (Phc1) has a FCS finger at its C-terminus which binds to RNA and regulates sub-nuclear localization when tested in C. elegans . The mammalian Ring1a and Rnf2 proteins contain a RING domain that mediates E3 ubiquitinligase activity, resulting in mono-ubiquitination of histone H2A at K119 (H2AK119ub1) (Cao et al., 2005; de Napoles et al., 2004; Wang et al., 2004a) . Additional RING domains are present in Bmi1 and Mel18 (Rnf110). These proteins direct the catalytic activity of Ring1a/Rnf2 towards H2A lysine 119 (Buchwald et al., 2006; Elderkin et al., 2007) .
Polycomb group proteins: mechanisms of repression
H3K27me3 and H2AK119ub1 are thought to cooperatively mediate gene silencing, and H2AK119ub1 has been proposed to function downstream of H3K27me3 (Cao et al., 2005; Wang et al., 2004b) . In vitro, PRC1 complexes inhibit chromatin remodeling and induce compaction of nucleosome arrays, which requires the presence of nucleosomes but not of histone tails (King et al., 2002; Shao et al., 1999) . There is, however, no strong evidence supporting PcG-induced chromatin compaction in vivo (Schwartz and Pirrotta, 2007) . Instead, binding of PRC1 proteins in vivo is highly dynamic (Ficz et al., 2005) . Live imaging studies suggest that mobility of PRC1 proteins increases upon induction of ES cell differentiation but decreases again as differentiation progresses (Ren et al., 2008) . Our understanding of how PcG proteins mediate their repressive function in vivo is still very limited. Access of the transcription machinery itself does not seem to be blocked; rather the activity of the transcriptional machinery at the promoter is affected by PcG proteins, preventing transcription initiation (Dellino et al., 2004) . A recent study analyzing bivalent genes in ES cells supports this idea by showing that RNAPII assembles at the promoters of these genes but is held in check by the PRC1 complex and/or PRC1-mediated H2AK119ub1 (Stock et al., 2007) . Stock and co-workers reported that the initiating form of RNAPII phosphorylated at Serine 5 of the CTD repeat (S5P) localizes to promoters and coding regions of bivalent genes as it is the case at actively expressed genes. Bivalent genes, however, lack the elongating form of RNAPII (S2P). Instead, they are marked by the core PRC1 protein Rnf2 and by H2AK119ub1. Interestingly, for some bivalent genes 5'-unspliced and spliced transcripts were observed, that were sensitive to the RNAPII inhibitor α-amanitin. These data suggest that although RNAPII levels at bivalent genes are comparable to productively expressed genes, either elongation is inefficient or transcripts are rapidly degraded.
Expression of bivalent genes was found to be rapidly increased upon loss of Rnf2 occupancy in an ES line deficient for Ring1a and conditionally deficient for Rnf2, coupled with no obvious changes in levels of elongating RNAPII (Stock et al., 2007) . The data suggest that PRC1 "holds" RNAPII in a maturation state incompatible with efficient transcription. The reason why RNAPII-S2P levels remain low is unclear. Interestingly, Zhou et al. (2008) observed that the histone H2A E3 ubiquitin ligase 2A-HUB (and not Rnf2 or Ring1a), is selectively required for deposition of H2AK119ub1 and subsequent repression of target genes after recruitment by the co-repressor N-CoR (Zhou et al., 2008) . They show that H2AK119ub1 prevents recruitment of FACT and nucleosome remodeling at promoters and coding regions, thus blocking RNAPII at the early stage of elongation. Consistently, knock down of 2A-HUB results in decrease of H2AK119ub1 and in increase of RNAPII-S2P along the coding part of target genes (Zhou et al., 2008) . Removing ubiquitin from H2A may increase interaction between H2A and FACT, thereby promoting transcriptional elongation upon gene activation (see also below). A similar mechanism may act at PcG repressed genes.
Recently, the Drosophila PRC1 components RING and PSC were identified to be part of an additional complex, called RAF, that also contains dKDM2, a H3K36me2 specific demethylase, and dRAF2, a MYND zinc finger containing protein (Lagarou et al., 2008) . dKDM2 enables efficient mono ubiquitination of H2A by RING/PSC in a catalytically independent manner. This suggests that dKDM2 may fulfill a structural function for RING/PSC or facilitates interaction of RING/PSC with chromatin. Nevertheless, since purified mononucleosomes harbored either H3K36me2 or mono ubiquitinated H2A but not both modifications, dKDM2 mediated H3K36me2 demethylation likely acts upstream of the RING/PSC ubiquitination reaction. Finally, dKDM2 cooperates with PC in repressing homeotic genes while it counteracts homeotic gene activation by the TrxG histone methyltransferases TRX and ASH1. Since H3K36me2 is a mark involved in transcriptional elongation, this study further supports the notion that dPRC1 and dRAF mediated silencing acts via blocking transcriptional elongation.
Targeting of polycomb group proteins
In Drosophila, a number of DNA binding proteins have been identified that recruit PcG complexes to Polycomb response elements (PRE), sequences that control the transcriptional status of their associated promoters at a distance. So far, no PREs have been identified in mammals, despite the availability of large-scale ChIP data sets for chromatin modifications and for different PRC2 and PRC1 members. Among the many Drosophila PRE binding proteins, only PHO and PHO-L are conserved in mammals, referred to as YY1 (Brown et al., 2003; Brown et al., 1998) . In mouse mid-gestation embryos, YY1 is engaged with distinct PRC1 and PRC2 complexes. Biochemical studies indicate that PRC2-mediated H3K27me3 can provide a docking site for the PRC1 complex which recognizes methyl-lysine residues via the chromodomain of Polycomb (Fischle et al., 2003; Min et al., 2003) . Consistently, PRC2 function is required for binding of PRC1 at several genes (Boyer et al., 2006) . Moreover, in one-cell embryos lacking maternal and zygotic expression of Ezh2, the level of binding of PRC1 components to "euchromatin" directly correlates with levels of H3K27me2 and H3K27me3 (Puschendorf et al., 2008) . In contrast, de novo acquisition and maintenance of H3K27me3 was unaffected in embryos lacking the PRC1 complex. These data indicate a unidirectional relation, in which global chromatin association of PRC1 depends on PRC2-mediated H3K27me2/3 but not vice versa. It is important to note that at this stage of development, the two parental genomes are largely transcriptionally inactive. At subsequent stages of pre-implantation development, however, "global" association of PRC1 to chromatin is not affected by Ezh2 deficiency . Similarly, targeting of PRC1 to pericentric heterochromatin in early embryos or to the inactivated X during ES differentiation does not require H3K27me3. This clearly indicates that depending on the cellular condition multiple mechanisms contribute to targeting of PRC1.
Loss of function studies in ES cells indicate a tight correlation between PRC1 occupancy, gene repression and protection against differentiation (Endoh et al., 2008) . Although global levels of PRC2 components and H3K27me3 remain constant after loss of Ring1a and Rnf2, Eed occupancy was rapidly reduced at specific target genes suggesting feedback between PRC1 and PRC2 targeting. H3K27me3 levels got reduced less rapidly, possibly reflecting differential antibody avidity or lack of H3K27me3 demethylase activity. Whether presence of H3K27me3 itself is also involved in maintaining PRC2 at target genes is currently unclear.
Genome-wide studies revealed a significant overlap between genes bound by the pluripotency transcription factors OCT4, SOX2 and NANOG and by PcG proteins (Lee et al., 2006b) . Consistently, loss of function studies revealed a significant overlap in genes de-repressed in ES cells lacking Oct3/4 or Ring1a/ Rnf2 or Eed but not in Dnmt1 deficient cells, arguing for common targets between PcG proteins and Oct4 (Endoh et al., 2008) . ChIP studies in mutant cells confirmed that Oct4 is required for targeting of PRC1 and PRC2 but not vice versa (Endoh et al., 2008) . Similarly, an independent study showed that a fraction of genes bound by Oct4 are de-repressed upon loss of Rnf2. A direct association has so far not been demonstrated (van der Stoop et al., 2008) . Importantly, the great majority of genes bound and transcriptionally repressed by Rnf2 is controlled by CpG-island promoters. Furthermore, three quarters of these CpG island genes have the bivalent configuration in wild-type ES cells, belong to the class of developmental regulators and are predominantly de-repressed in absence of Rnf2 (van der Stoop et al., 2008) . Thus, PRC1 seems to predominantly repress bivalent genes in ES cells. The remaining quarter of CpG-island genes bound by Rnf2 were marked by H3K4me3 but not H3K27me3 (van der Stoop et al., 2008) suggesting PRC2-independent recruitment of PRC1. These later genes were not substantially repressed in wild-type cells, although loss of Rnf2 resulted in increased expression in two-thirds of these genes (van der Stoop et al., 2008) . These data support the idea that PRC2 and PRC1 cooperate for efficient repression of CpG island genes, marked by H3K4 methylation. It will be important to compare the level of H2AK119ub1 at the two distinct classes of Rnf2-bound genes. "Genome wide" comparison of H3K27me3, Ezh2, Suz12, and Rnf2 occupancies revealed the existence of two classes of bivalent promoters (Ku et al., 2008) . Only less than half of PRC2 positive promoters were positive for Rnf2. Interestingly, PRC2/ Rnf2 double positive promoters more efficiently retained H3K27me3 upon differentiation and were more enriched in developmental regulatory gene functions. These data argue for a role of PRC1 in long term memory of the repressed state during development.
Several studies suggest that non-coding RNAs may be involved in the recruitment of PcG complexes. For example, Rinn and colleagues identified a 2.2 kb non-coding RNA in the human HOXC cluster termed HOTAIR that interacts with PRC2 components and represses transcription of the HOXD cluster in trans . Likewise, the Xist transcript is required to target PRC2 and H3K27me3 to the X chromosome during X inactivation (Zhao et al., 2008) . The mechanism of PRC1 targeting is unknown (Leeb and Wutz, 2007; Schoeftner et al., 2006) . A similar mechanism may function at certain imprinted clusters characterized by expression of a long non-coding RNA, required for silencing and H3K27me3 deposition in cis (Lewis et al., 2004; Mager et al., 2003; Umlauf et al., 2004; Terranova et al., 2008) . Consistently, PRC2 was shown to interact with the noncoding ncRNA Kcnq1ot1, that is required for imprinted repression (Pandey et al., 2008) . In summary, multiple non-mutually exclusive mechanisms (e.g. transcription factors, non-coding RNAs, and DNA/ RNA-binding domains within PcG components) can contribute to the binding of PRC2 and PRC1 complexes to chromatin. PRC2-mediated H3K27me3 may serve to recruit or stabilize binding of PRC1 depending on the local chromatin configuration and/or transcriptional and developmental status of the cell.
Polycomb-and Trithorax-mediated chromatin marks are reversible
H3K27me3 HDMs
The human genome encodes 27 proteins with JmjC domains, of which 15 have been shown to demethylate histone lysines . Two of these histone demethylases (HDMs), UTX and JMJD3, are specific for H3K27me (Agger et al., 2007; De Santa et al., 2007; Lan et al., 2007; Lee et al., 2007c) . In vitro, both enzymes catalyze the transition from H3K27me3 and H3K27me2 to H3K27me1 on bulk histones by oxidative demethylation (Fig. 1) .
UTX is localized on the X chromosome, but escapes X inactivation in females. Inhibition of UTX results in a global increase in H3K27me3, suggesting that histone demethylation is continuously required to maintain precise levels of methylation (Agger et al., 2007) . Consistent with the loss of H3K27me3 observed at HOX genes during differentiation, UTX is recruited to the promoters of several HOX genes, coinciding with the disappearance of H3K27me3 and decreased PRC2 occupancy (Agger et al., 2007; Lan et al., 2007) . Conversely, knock-down of UTX leads to increased H3K27me3, enhanced binding of PRC1 proteins and increased H2AK119ub1 at HOX genes (Lan et al., 2007; Lee et al., 2007c) . In Zebrafish, inhibition of Utx1 leads to decreased expression of Hox genes and improper development of the posterior trunk (Lan et al., 2007) . These defects were partially rescued by wild-type but not catalytically inactive human UTX, indicating that demethylase activity is evolutionarily conserved and required for proper posterior patterning. Overexpression of JMJD3, but not UTX, results in global H3K27 demethylation in vivo (Agger et al., 2007) . Ubiquitous expression of Utx versus restricted expression of Jmjd3 (Lan et al., 2007; de Santa et al., 2007) points to different functions during development. Interest- Fig. 3 . Transcriptional repression at CpG island bivalent promoters. In mammalian cells, promoters of developmental regulators are marked by both "active" H3K4me2/ 3 and "repressive" H3K27me3, and are therefore termed "bivalent". Bivalency correlates strongly with high GC density, as present in CpG island promoters. Despite the presence of H3K4me2/3, which is likely mediated by the Mll and/or Set1a/b enzymes, bivalent genes are largely repressed by Polycomb mediated mechanisms. In mammals, targeting of Polycomb complexes is still poorly understood. Of the DNA binding factors recruiting Polycomb in flies, only YY1 is conserved. However, the pluripotency transcription factors Sox2, Oct4 and Nanog co-occupy a large fraction of Polycomb-bound genes, and Oct4 was recently shown to be required for targeting of PRC2 and PRC1 to repressed Oct4 target genes. PRC2-mediated H3K27me3 provides a binding site for PRC1, which in turn mediates monoubiquitination of H2AK119. Moreover, Jarid1a targeted by PRC2 downregulates H3K4me2/3 levels. The initiating form of RNA polymerase II (RNAP-S5P) is present at bivalent genes but is arrested before elongation, presumably by H2AK119ub1 inhibiting recruitment of the remodeling complex FACT. ingly, Jmjd3 expression is highly induced by inflammatory stimuli in macrophages, suggesting that this HDM may contribute to macrophage plasticity (De Santa et al., 2007; Lan et al., 2007) . Jmjd3 also functions during differentiation of neuronal stem cells to neurons (Jepsen et al., 2007) .
Little is known about targeting mechanisms of Utx and Jmjd3. In flies, UTX co-localizes with the elongating form of RNAPII, suggesting a role for H3K27 demethylation in ongoing active transcription (Smith et al., 2008) . More revealingly, both HDMs are found in complexes with HMTs that act antagonistic to the marks removed by the respective HDM Cho et al., 2007; De Santa et al., 2007; Issaeva et al., 2007; Lee et al., 2007b; Lee et al., 2007c) . Both, UTX and JMJD3 interact with core components of the Mll/Set1 complexes (De Santa et al., 2007; Lee et al., 2007c) . Mll2, but not Mll1, was reported to co-immunoprecipitate with Jmjd3 (De Santa et al., 2007) , whereas UTX interacts with MLL3 and MLL4 (Lee et al., 2007c) . Future research is needed to dissect the functional interdependence between the H3K27me3 HDMs and H3K4 HMTs. In light of this, it is interesting to note that the promoter of a Jmjd3-target in macrophages, Bmp2, exists in a bivalent chromatin state that becomes resolved upon activation of these cells by inflammatory signals (De Santa et al., 2007) . Incorporation of the de novo produced Jmjd3 HDM into the Mll2 complex, possibly already pre-existing at the bivalent promoter, may therefore enable rapid and strong de-repression of Bmp2 by removing the repressive H3K27me3. Bivalency may therefore constitute an efficient mechanism enabling promoters to rapidly respond to changes in developmental as well as environmental cues.
H3K4 HDMs
Vice versa, H3K4 HDMs are part of repressive complexes. For example, Shiekhattar and colleagues reported the interaction between Jarid1d/Smcy and Ring6a/MBLR, a protein with sequence homology to the PRC1 components Bmi1 and Mel18 (Lee et al., 2007b) . Association of Ring6a to Jarid1d stimulated its in vitro H3K4 HDM activity. Moreover, knock-down of either Jarid1d or Ring6a increased Engrailed2 expression and enhanced levels of H3K4me2/3 at the promoter, arguing for functional interdependency for transcriptional repression. Consistently, higher levels of components of the basal transcription machinery, RNAPII and BPTF, were observed at the Engrailed2 promoter . Taken together, the Jarid1d-Ring6a complex constitutes a novel transcriptional co-repressor entity that is distinct from the E2F6 repressive complex containing several RING proteins and G9a (Ogawa et al., 2002) and also distinct from the canonical PRC1 complex.
Interestingly, the HDM Jarid1a/Rbp2 co-purifies with the PRC2 complex . Jarid1a and PRC2 components co-localize to promoter regions of bivalent target genes in ES cells. Importantly, this localization is largely abrogated in Suz12 deficient cells (Pasini et al., 2008) arguing that PRC2 is a major determinant for Jarid1a targeting. All members of the Jarid1a family harbor an Arid (also called Bright) domain that potentially binds to DNA. In Jarid1b/Plu.1,
Fig. 4. Nuclear hormone receptors and histone modification pathways. (A)
The unliganded Estrogen Receptor (ER) recruits H3K9 HMTs Eset, Glp or Riz1 to target genes that need to be maintained in a repressed state. Upon ligand binding, the HDM Lsd1 clears promoter associated H3K9me2. An alternative ER pathway at distinct target genes involves recruitment of G9a and Jmjd1a. It is not known, how eventual G9a-mediated H3K9me3 is resolved in this scenario (Metivier et al., 2003; Garcia Bassetts et al., 2007; Perillo et al., 2008) . (B) Unliganded Androgen Receptor (AR) follows a similar strategy as the ER in the establishment of the preventive "Gatekeeper" situation. However, Glp is not recruited for maintenance of repression, and for the reversal of the silenced state, either Lsd1 or Jmjd1a alone or both enzymes simultaneously are recruited to target promoters (Metzger et al., 2005; Zamane et al., 2006; Garcia Bassetts et al., 2007) . (C) The AR can also overcome repression imposed by H3K9me3 by joined recruitment of Jmjd2c and Lsd1 that subsequently transform H3K9me3 into the unmethylated state. H3T11-phosphorylation by Prk1 facilitates removal of the trimethylated form (Metzger et al., 2005 , Wissmann et al., 2007 Metzger et al., 2008) . (D) The deubiquitinating enzyme 2A-Dub is targeted to AR responsive genes and in concert with H3K9 HDMs and H3K4 HMTs establishes an open chromatin configuration (Zhu et al., 2007; Zhou et al., 2008 the Arid domain has a preferential affinity for GC-rich motifs (Scibetta et al., 2007) , suggesting that this domain can confer additional binding capacity to CpG-rich bivalent target genes. Knock-down experiments verified that Jarid1a is required for repression of bivalent genes by lowering H3K4me3 levels. Interestingly, H3K27me3 levels remained constant upon Jarid1a knock-down, despite an increase in expression and H3K4me3 levels (Pasini et al., 2008) . Although it is unclear whether knockdown of Jarid1a results in maximal de-repression, the data argue that the actual ratio between repressive and active histone methylation marks is (directly or indirectly) an important determinant for efficient repression versus productive transcription.
Histone deubiquitination
In addition to HDMs, recently a number of mammalian de-ubiquitinating (DUB) enzymes have been characterized including the ubiquitinspecific proteases USP3, USP16 (Ubp-M), USP21 and 2A-DUB (Joo et al., 2007; Nakagawa et al., 2008; Nicassio et al., 2007; Zhu et al., 2007) . USP3 de-ubiquitinates both H2A and H2B, is required for S phase progression and is involved in the response to DNA double strand breaks. In contrast, USP21 is specific for H2A deubiquitination (Nicassio et al., 2007) . 2A-DUB regulates transcription by coordinating histone acetylation and deubiquitination, and by destabilizing association of linker histone H1 with nucleosomes. It interacts with the histone acetyltransferase P/CAF and several different transcription factors, suggesting target specificity (Zhu et al., 2007) . The de-ubiquitinating enzyme USP16 might be linked to TrxG/PcGmediated regulation, as blocking its function leads to decreased HoxD11 expression in Hela cells and defective posterior development in Xenopus laevis (Joo et al., 2007) .
Polycomb-mediated silencing: current model and open questions
Based on the studies reviewed in the previous sections, it is clear that in mammalian genomes the transcriptional status and associated chromatin configuration of genes are strongly connected to the GC status of the underlying promoter sequence. In ES cells and some other cell types, Polycomb group proteins suppress predominantly H3K4-methylated CpG island promoters. Presence of components of both PRC complexes and associated marks is associated with efficient repression, whereas PRC1 occupancy alone is compatible with transcription. This argues that the actual relative enrichments of active and repressive modifications and associated proteins determine the transcriptional outcome. Accordingly, PRC2 and PRC1 seem to cooperate to counteract the "default" presence of H3K4 methylation. PRC2 contributes to silencing by recruiting H3K4 HDMs, thereby regulating the homeostasis of the bivalent state. Furthermore, PRC2 facilitates PRC1 targeting by providing the H3K27me3 binding site (Fig. 3) .
To fully understand PcG mediated silencing at CpG island genes, several questions need to be addressed. First, it is unclear how and which H3K4 HMTs are targeted to CpG-rich promoters. Besides promoter specific transcription factors, we envision a role for the CxxC motifs present in Mll1, Mll2 and CFP1 in target selection. A second point is whether bivalent genes are regulated by Mll family members only, or also by the hSet1a/b HMTs. Further questions remain. What directs the targeting of PRC2 and PRC1 to CpG island promoters? Is targeting facilitated by interactions with Mll HMTs? Are there mechanistic differences in the establishment versus maintenance of bivalency? We must determine to what extent PRC1 repression in vivo is mediated by suppression of nucleosome remodeling versus blocking of RNAPII elongation by H2AK119ub1. Finally, future work should be directed to understand the interplay between HMTs, HDMs and sequence specific transcription factors in the maintenance of the repressed bivalent state versus resolution into either an active or repressed state.
Transcriptional repression by H3K9 methylation
Nuclear hormone receptors (NHRs) constitute a group of small molecule activated transcription factors that control important physiological and developmental pathways (Evans, 1988) . They exert their function upon binding of their cognate ligand and the subsequent recruitment of transcriptional co-factor complexes (Perissi and Rosenfeld, 2005; Rosenfeld and Glass, 2001 ). The research on NHRs over the past two decades pioneered our current understanding that transcription factors are DNA binding modules that upon recruitment of transcriptional co-factors determine the outcome of transcription initiation (Chambon, 2005; Evans, 2005) . Genome wide ChIP-on-chip analyses have defined distinct histone lysine modification patterns along transcribed or repressed genes (Barski et al., 2007; Mikkelsen et al., 2007) , but the involvement of HMTs and HDMs in hormone regulated transcription was investigated in more detail only lately. In the following chapter, case studies analyzing transcriptional control by steroid hormone receptors are reviewed, and the emerging picture at hormone regulated promoters is presented. An important observation is that most HMTs and all HDMs associated with nuclear hormone receptors target H3K4 and H3K9, so far excluding Polycomb repressive complexes from the prototype response pathway of NHRs (Fig. 4) .
Transcriptional control by the estrogen receptor
Transcription of androgen and estrogen receptor target genes is very rapidly activated upon exposure to the cognate ligand, dihydrotestosterone or estradiol. If no ligand is present, steroid hormone receptors reside in the cytoplasm. However, trace amounts of receptors seem to stay associated with their target genes even in the unliganded conformation. In a recent publication, the group of Michael Rosenfeld described the formation of complexes between unliganded estrogen receptor (ERα) and repressive HMTs as a requirement to prevent activation by unliganded nuclear receptors, a situation they refer to as the "Gatekeeper model" (Garcia-Bassets et al., 2007) . They discovered that unliganded ERα is associated with HMTs (such as Riz1, Glp and Eset) that catalyze repressive H3K9me2 when bound to DNA, ensuring prevention of spurious transcription (Fig. 4A) . They also observe ligand-activated recruitment of the H3K9me2-specific HDM Lsd1 by the estrogen receptor, demonstrating how hormonal stimulation mediates removal of repressive marks at endogenous ERα target genes (Garcia-Bassets et al., 2007) , after which recruitment of associated co-activators occurs (Metivier et al., 2003) . Interestingly, they show employment of the same molecular strategy at distinct ERα target genes using different combinations of H3K9 HMTs and HDMs (G9a and Jmjd1a, respectively; Fig. 4A, bottom) , underscoring the importance of promoter architecture for a given transcriptional readout. The same code seems to exist for other signal-regulated transcription programs such as NF-κB and C/EBP mediated transcription (Garcia-Bassets et al., 2007) . The activation function of Lsd1 in the context of ERα mediated transcription has recently been extended (Perillo et al., 2008) . They show that receptor targeted demethylation of H3K9me2 triggers a favorable alteration of the DNA conformation at promoters by the demethylation byproduct hydrogen peroxide (Fig. 4A) , thus using controlled DNA damage and repair to guide productive transcription.
The androgen receptor and histone demethylases
Posttranslational modifications associated with androgen receptor (AR) mediated transcription have been studied in more detail. Besides the above mentioned "gatekeeper" situation, in which the AR recruits HMTs Eset and Riz1 (Fig. 4B) , no further interaction with HMTs is known. However, a special interest has arisen in the transcriptional activation by AR due to recruitment of different members of the HDM superfamily. Initially, it was shown that agonist-dependent recruitment of Lsd1 resulted in local decrease of H3K9me2 concomitant with transcriptional activation of AR target genes (Metzger et al., 2005) (Fig. 4B) . The histone de-methylase Jhdm2a is recruited to AR targets in a hormonedependent manner and functions independent of and in parallel to Lsd1 in the clearance of H3K9me2/3, facilitating AR-mediated transcription (Yamane et al., 2006) (Fig. 4B ). Wissmann and colleagues have further shown that demethylases Lsd1 and Jmjd2c cooperatively bind to agonist activated AR and catalyze the reversal of H3K9me3-imposed repression at several AR target genes (Wissmann et al., 2007) . Moreover, simultaneous phosphorylation of H3T11 by the Prk1 kinase efficiently enhances the demethylation potential of Jmjd2c (Metzger et al., 2008) , demonstrating that specific gene regulation events require assembly and coordination of co-factors with different substrate specificities (Fig. 4C) . According to their function in AR target gene activation, elevated expression levels of either Lsd1, Prk1 or Jmjd2c in prostate tissue is directly correlated with the malignancy of prostate tumors (Kahl et al., 2006; Wissmann et al., 2007; Schulte et al., 2009) . Additionally, members of the JMJD family of HDMs, Jmjd2a and Jmjd2d de-methylate H3K9me3/2, H3K36me3/2 and H3K9me3/2/1 in vitro, and are both found to interact with and co-activate the AR (Shin and Janknecht, 2007a; Shin and Janknecht, 2007b) . Finally, also the H3K9me2/1 HDM Jmjd1c was identified as an AR interacting protein that potentiates ligand activated AR transcription (Wolf et al., 2007) . An interesting aspect concerns transcriptional regulation by H2AK119ub1. Zhu and colleagues described recruitment of a deubiquitinating enzyme by AR, adding to the emerging picture of AR recruiting a co-activator complex to remove general repressive marks (Zhu et al., 2007) (Fig. 4D) . The implication of parallel pathways of ubiquitination and methylation has been discussed above in more detail. Future research will have to identify the signaling events that determine co-factor assembly and exchange and decide whether or which HMTs and HDMs are recruited to given target promoters.
Directed repression
The nuclear orphan receptor interacting protein small heterodimerization partner (SHP) has the ability to inhibit transcription of many NHRs by formation of repressive heterodimers. Inhibiting proper binding to target genes, SHP-mediated repression mechanistically depends on the direct recruitment of HDAC1, chromatin re-modelers and the G9a H3K9 methyltransferase (Boulias and Talianidis, 2004; Fang et al., 2007) . One well characterized target of SHP-mediated repression is Cyp7a, a key gene in bile acid biosynthesis, and a recent report demonstrated that G9a mediated methylation of histones is part of a functional interplay between several chromatin-modifying enzymes (Fang et al., 2007) .
Facilitated transcription
During activated transcription, transcription factors directly recruit co-activators towards the site of RNAPII binding, resulting in local chromatin changes such as histone acetylation or H3K4me. The first case of recruitment of activating HMTs by a NHR has been described in Drosophila, where ecdysone treatment results in directed hyper-methylation of H3K4 by the fly orthologue of Mll (Sedkov et al., 2003) . In mammals, the estrogen and Vitamin D receptor recruit the Mll1/2 H3K4-methyltransferase complex to target promoters by direct interaction with the complex component Menin in a ligand-dependent manner (Dreijerink et al., 2006; Mo et al., 2006) . Recruitment of the Mll1/2 complex in turn leads to strong enrichment of H3K4me3 at the transcription start site (Barski et al., 2007) . A recent study identified Mll2 as a direct interaction partner of the hematopoietic transcriptional activator NF-E2 that guides Mll2 association to the β-globin locus (Demers et al., 2007) . Mll2 gene deficient animals die at early embryogenesis (Glaser et al., 2006) , and defects suggest a crucial involvement in developmentally regulated genes rather than in estrogen or Vitamin D regulated maintenance pathways.
Lee and co-workers have shown that steroid hormone receptors AR and ERα have a common co-activator complex consisting of TIF2, CBP, CARM1 and, surprisingly, of the HMT G9a that usually functions in euchromatic repression. The co-activator complex functions synergistically and depends on repression of the G9a HMT activity by association with TIF2, suggesting that G9a functions as a structural component (Lee et al., 2006a) . A similar finding identified the H3K9 methyltransferase Riz1 as a coactivator selectively for the estrogen and the progesterone receptor, and consequently Riz1 gene deficient animals display reduced hormone response in female reproductive tissues (Carling et al., 2004) . For both cases, however, the mechanistic contribution of H3K9 methylation to transcriptional activation is not understood.
The HMT Nsd1 interacts with several members of the NHR superfamily (Huang et al., 1998) . Nsd1 contains separable activation and repression domains, suggesting that H3K36me might not only be responsible for transcription elongation alone (Barski et al., 2007; Rayasam et al., 2003) . These findings once more underscore the importance of sequence environment and partner proteins in the determination of the transcriptional readout.
Regulation of NHR mediated epigenomics
According to the published information, recruitment of PcG proteins is not linked to NHRs, instead hormonally regulated gene repression and activation depends mainly, if not exclusively, on the H3K9me and H3K4me pathways. In contrast to other transcription factors described above, chromosome-wide mapping studies of ER and AR binding revealed that their response elements are mainly enhancer-associated, and the consensus sites are unaffected by potential CpG methylation (AGAACA and AGGTCA, respectively) (Carroll et al., 2005; Massie et al., 2007) . However, the genomic approach also revealed that both NHRs bind to a significant amount of non-canonical response elements, requiring a more detailed analysis on the potential influence of GC density and DNA methylation on binding of transcription factors and chromatin modifying enzymes. Interestingly, the two studies revealed a significant overlap of androgen responsive elements with binding sites for transcription factors of the ETS1 family (Massie et al., 2007) , and of estrogen responsive elements with recognition motifs for the forkhead protein FoxA1 (Carroll et al., 2005) , adding another layer of complexity to transcription factor binding site recognition and recruitment to DNA.
Many reports demonstrate that HDMs and HMTs are part of several multiprotein complexes and thus might be indirectly targeted to many more transcription factors than known to date. For instance, arginine methylation of co-factors themselves was shown to play an important role in the regulation of transcriptional initiation (Mostaqul Huq et al., 2006; Xu et al., 2001; Xu et al., 2004) . Several non-histone proteins have been identified to be lysine methylated (Huang and Berger, 2008) , also including nuclear hormone receptors. Notably, trimethylation of the retinoid acid receptor facilitates recruitment of co-activator complexes (Huq et al., 2007) ; and Set7/9 stabilizes ERα leading to more efficient recruitment of ER to its target genes and facilitating their activation (Subramanian et al., 2008) . These data demonstrate that methyltransferases and demethylases take part in a multitude of transcriptional regulatory pathways, and that they are even more versatile modulators of gene expression than anticipated. Besides the ongoing characterization of major methylation pathways, future research should aim to integrate genome wide transcription factor binding, histone lysine methylation patterns and HMT/HDM occupancy in a systems biology approach to delineate physiologic regulatory pathways and networks of interlaced co-factor complexes.
Histone methylation and the control of the cell division cycle
Mitotically regulated genes are very dynamically expressed, and additional regulatory steps must ensure successful genome duplication and segregation. The most characteristic posttranslational modification to be found associated with mitotic chromatin is H3S10P, being essential for proper condensation and segregation (Wei et al., 1999) . More recently, systematic analyses on (Karachentsev et al., 2007; Pesavento et al., 2008b; Scharf et al., 2009) . However, all H4K20 methylation seems to be highly progressive, and H4K20me1 is subsequently processed into H4K20me2. Only a minor fraction of H4K20 is tri-methylated, and this occurs mainly at the G1 phase (Fig. 5) . Their unbiased approach revealed that all H4K20 methylation occurs in overlapping windows extending from mid-G2 until mid-G1 (Pesavento et al., 2008b) . The authors furthermore demonstrate that H4K20 methylation is stable and does not turn over at an appreciable rate in vivo (Pesavento et al., 2008b) , a finding that is consistent with the fact that no H4K20 HDM has been discovered to date.
H4K20 methylation and S-phase progression
PrSet7/SET8 is the only enzyme known to catalyze the transfer of mono-methyl groups to H4K20 Xiao et al., 2005) . Increased expression of PrSet7 and H4K20me1 during G2 and M phase at chromatin condensation/ segregation was discovered, and an inverse correlation between H4K20me1 and H4K16Ac was reported (Houston et al., 2008; Rice et al., 2002) . Several studies associate PrSet7 activity with At the G1 to S phase transition, Mll and Set1 complexes are recruited by E2F and HCF1 transcription factors, mediating transcriptional activation of their target genes. H3K9me1/2 remains constant during the cell cycle, only H3K9me3 has a sharp peak at the transition of late G2 to mitosis as revealed by immunofluorescence analyses. H4K20me1 strongly peaks at the G2 to M transition but is rapidly converted to dimethylated H4K20. H4K20me2 levels remain unchanged high at all stages of the cell cycle, and H4K20me3 only slightly peaks at early G1. All H4K20me states were characterized by top down mass spectrometric analyses. The sizes of histone methylation hexagons correspond to their respective levels.
synchronized cultured cells showed that several other chromatin modifications are dynamically altered during the cell division cycle, generating specific chromatin signatures at different stages of mitosis and interphase (Fig. 5 ). Valls and colleagues analyzed the occurrence of H3K4me2/3 during mitosis and describe a possible impact of H3K4me2/ 3 on mitotic inheritance. They show that global H3K4me2/3 levels largely do not change between interphase and mitosis, and further demonstrate that H3K4me2/3 marks are maintained at promoters of target genes during mitosis (Valls et al., 2005) . Moreover, they observe transcription coupled increase of H3K4me3 during mitosis at the actively transcribed cyclin B1 promoter, suggesting that HMTs are maintained as active enzymes during mitosis (Valls et al., 2005) (Fig. 5) . A second study analyzing H3K9 methylation states by immunofluorescence revealed a sharp increase of H3K9me3 in the transition from late G2 into mitosis, whereas H3K9me1/2 remained largely constant (McManus et al., 2006) . Interestingly, the peak of H3K9me3 rapidly decreased to interphase levels after completion of mitosis, demonstrating distinct cell cycle dynamics for H3K9 methylation (Fig. 5 ) (McManus et al., 2006) . However, the biological function of elevated H3K9me3 levels that obviously are not meant for the formation of heterochromatic regions remains elusive. The group of Craig Mizzen analyzed the H4K20 methylation pattern during the cell division cycle using metabolic labeling and a topdown mass spectrometry (TDMS) approach (Pesavento et al., 2008a; Pesavento et al., 2008b) . They show that throughout all stages of the cell cycle the vast majority of H4 is di-methylated at lysine 20 (Fig. 5) . In mitosis, global deacetylation of H4 follows an initial transient peak of H4K20me1 directly after S phase when new histone H4 is incorporated into newly replicated DNA B C A the control of S-phase progression (Jorgensen et al., 2007; Tardat et al., 2007) . The interaction of PrSet7 with PCNA could be an explanation of how H4K20me1 can be maintained during cell division (Huen et al., 2008) . siRNA knockdown of PrSet7 results in improper DNA replication (Tardat et al., 2007) , in an increased number of cells in S/G2 (Huen et al., 2008) , and in global chromosome condensation failure, aberrant centrosome amplification and substantial DNA damage (Houston et al., 2008) . Moreover, PrSet7 gene deficient animals die early during embryogenesis (Huen et al., 2008; Oda et al., 2009) . Escaping PRSet7 null flies display strongly reduced H4K20me1 at third instar larvae, an delay in early mitotic stages, and defects in proper chromosome condensation; and surviving cells suffer from cell death and enriched cellular DNA content (Karachentsev et al., 2005; Sakaguchi and Steward, 2007) . These studies, combined with the finding that PrSet7 expression (and thus also H4K20me1) is directly controlled by the cell cycle regulator HCF1 (Julien and Herr, 2004) , suggest an important function of PrSet7 in the control of proper S-phase progression. However, in contrast to some of the above reported results, the TDMS approach of Pesavento et al. revealed no interdependence of H4K20me and H4K16Ac. In to be recruited by the cell cycle regulators HCF1 and E2F (Narayanan et al., 2007; Tyagi et al., 2007) , inducing cell cyclespecific transcriptional activation at the G1 to S phase transition by H3K4me (Tyagi et al., 2007) .
Repressive modifications in the control of cell cycle and senescence
The balance between cell proliferation and differentiation is controlled during early G1 by the transcription factors pRb/E2F (Planas-Silva and Weinberg, 1997). Cellular senescence is controlled by repressive histone modifications, and the transcription factors E2F4/pRb are known to recruit the Suv39h HMTs to quiescence and senescence related silenced loci, establishing the H3K9me3-HP1 axis of heterochromatinization at growth promoting genes (Narita et al., 2003; Nielsen et al., 2001) . During cell cycle exit (and not in cycling cells) specific E2F4/pRb target promoters, such as cyclins D1 and A2, gain H3K9me3, and this differentiation-associated modification is strictly depending on Suv39h1 (Ait-Si- Ali et al., 2004) (Fig. 6A) . Also, Suv39h1 was shown to function as a tumor suppressor that controls oncogeneinduced senescence by H3K9me3, further underscoring the func- addition, they showed that siRNA mediated knockdown of PrSet7 has no effect on cell cycle progression, and that the majority of H4K20me1 is added only postmitotic, questioning the essential role of PrSet7 in the control of S-phase progression in vitro (Pesavento et al., 2008b) . It is interesting to note that PrSet7 was recently shown to mono-methylate p53 and to down-regulate its transcription activation function of highly responsive target genes. By doing so, PrSet7 functions as an ameliorator of p53-function in response to DNA damage, and consistently PrSet7 expression itself is downregulated upon massive DNA damage (Shi et al., 2007) . Taken together, to fully understand the impact of PrSet7, detailed analyses of PrSet7 conditional mutants are required to estimate the effect of H4K20me1 on on cell cycle control and chromatin integrity. H4K20me2/3 is catalyzed by the Suv4-20h1/2 enzymes (Schotta et al., 2004; Yang et al., 2008) . However, these modifications do not seem to play a role during the cell cycle, and the global abundance of H4K20me2 suggests a neutral effect on gene transcription (Pesavento et al., 2008b) .
H3K4 methylation during the cell cycle
Besides their function in transcriptional regulation of the Hox cluster (Ansari et al., 2008) , Mll proteins and associated cofactors participate in the regulation of the cell division cycle (Fig. 5) . For instance, Menin was found to target Mll1/2 to the promoters of cyclindependent kinase inhibitors p27Kip1 and Ink4c p18 , enhancing their transcription (Milne et al., 2005b) ; however, the responsible stimulating pathways and signals remain unidentified. The HMT activities of Mll1 and Set1 were found tional importance of histone methylation in the regulation of cellular states (Braig et al., 2005) . It is, however, not clear whether this silencing is permanent or dynamic, given that the activity of H3K9 HDMs during the G0 state of the cell division cycle has not been analyzed.
A recent report described an additional pathway, in which gain of H3K27me3 closely correlates with the terminal differentiation of proliferating myoblasts into multinucleated myotubes (Blais et al., 2007) (Fig. 6B) . Targeting of H3K27me to pRb regulated cell cycle genes establishes a repressive chromatin signature that is required for permanent and irreversible cell cycle exit. Target genes comprise Cdk2, Brca1 and Mcm3/5 , and all of them gain H3K27me3 only upon differentiation of myoblasts into multinucleated myotubes (Blais et al., 2007) , whereas H3K9me is either not participating in this pathway or its levels remain unaltered in comparison to myoblasts. The authors also show that pRbdependent (and also pRb-independent) H3K27 methylation at myogenic target genes is context dependent and specific to permanently arrested cells (Blais et al., 2007) (Fig. 6B) .
Important regulators of the G1 to S transition in response to anti-mitogenic signaling pathways are the Ink4 family members of CDK-inhibitors (Fig. 6C) . Expression of Ink4 results in pRb hypophosphorylation and ultimately yields G1 arrest. The connection of Polycomb-mediated silencing with cell cycle regulation, control of the senescence checkpoint and cancer formation was originally identified generating animals that are deficient for the PRC1 member Bmi1. The study demonstrated that p16 INK4a and p19 ARF are critical in vivo targets of PRC1 mediated silencing (Jacobs et al., 1999) . The interconnection between E2F/pRb and Polycombmediated repression was further corroborated by studies revealing that silencing of the p16 INK4a locus by H3K27me3 methylation, in concert with associated binding of PRC2 and PRC1 members, strictly depends on pRb (Bracken et al., 2003; Kotake et al., 2007) . Continuous presence of Ezh2 at the Ink4 locus is required for ongoing cell divisions; and stress, senescence and tumorigenic transformation coincide with decreased levels of associated H3K27me3, establishing Ezh2 as a gatekeeper of cell division control (Bracken et al., 2007) . It is however unclear, how the choice of pRb to either recruit Ezh2 (Blais et al., 2007) or Suv39h (Nielsen et al., 2001; Ait-Si-Ali et al., 2004) is accomplished. Although all these data indicate that pRb-binding is the prime requirement for H3K27me3 methylation at pRb target promoters, a direct interaction between Ezh2 and pRb has not been established and the mechanism of targeting remains unclear (Fig. 6C) .
The role of histone demethylases in the control of the cell division cycle is less well understood. The HDM Jarid1a/Rbp2 removes active H3K4me3/2 and was reported to physically interact with pRb (Christensen et al., 2007; Klose et al., 2007) , further strengthening the link between pRb and transcriptional repression. However, while in both studies only the effect of Rbp2 on the Hox cluster of genes was analyzed, the regulation of bona fide pRb targets and cell cycle regulators needs further investigation. Jmjd2a demethylates H3K9me3/2 and H3K36me3/2 to the unmethylated state (Shin and Janknecht, 2007a) . Jmjd2a was reported to interact with HDACs and the retinoblastoma protein, and mediates repression of E2F regulated promoters (Gray et al., 2005) . In which way demethylation of H3K9 or H3K36 should assist transcriptional repression, though, is unclear. An easy explanation would be that Jmjd2a acts merely as an architectural factor at pRb responsive targets, but further experimental evidence is necessary to evaluate the influence of HDMs in the control of cell cycle regulated genes.
Outlook
Recent epigenomic profiling and functional studies have provided insight in the dynamics and regulatory complexity of transcriptional repression, mediated by histone modifying enzymes like HMTs, HDMs, E3 ubiquitin ligases, ubiquitin-specific proteases and other chromatin associated proteins. It is becoming increasingly clear that these machineries function in a sequence dependent manner. Furthermore, the repressed chromatin state is not static but dynamic and reflects the homeostasis between antagonistic enzymatic activities. To truly understand the role of chromatin in transcriptional regulation, it will be necessary to integrate the relative levels of antagonistic histone modifications and their spatial distributions in relation to transcription factor binding sites and RNAPII into the equation. Finally, systematic loss-and gain-of-function experiments are required to dissect the mechanistic hierarchy between the different chromatin and epigenetic modifiers at different stages of development. Beyond doubt, many exciting years are ahead of us. GARCIA-BASSETS, I., KWON, Y.S., TELESE, F., PREFONTAINE, G.G., HUTT,
